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Abstract. Biodiversity enhances ecosystem functions such as biomass production and nutrient
cycling. Although the majority of the terrestrial biodiversity is hidden in soils, very little is known about
the importance of the diversity of microbial communities for soil functioning. Here, we tested effects of
biodiversity on the functioning of methanotrophs, a specialized group of soil bacteria that plays a key
role in mediating greenhouse gas emissions from soils. Using pure strains of methanotrophic bacteria,
we assembled artificial communities of different diversity levels, with which we inoculated sterile soil
microcosms. To assess the functioning of these communities, we measured methane oxidation by gas
chromatography throughout the experiment and determined changes in community composition and
community size at several time points by quantitative PCR and sequencing. We demonstrate that micro-
bial diversity had a positive overyielding effect on methane oxidation, in particular at the beginning of
the experiment. This higher assimilation of CH4 at high diversity translated into increased growth and
significantly larger communities towards the end of the study. The overyielding of mixtures with respect
to CH4 consumption and community size were positively correlated. The temporal CH4 consumption
profiles of strain monocultures differed, raising the possibility that temporal complementarity of com-
ponent strains drove the observed community-level strain richness effects; however, the community
niche metric we derived from the temporal activity profiles did not explain the observed strain richness
effect. The strain richness effect also was unrelated to both the phylogenetic and functional trait diver-
sity of mixed communities. Overall, our results suggest that positive biodiversity–ecosystem-function
relationships show similar patterns across different scales and may be widespread in nature. Addition-
ally, biodiversity is probably also important in natural methanotrophic communities for the ecosystem
function methane oxidation. Therefore, maintaining soil conditions that support a high diversity of
methanotrophs may help to reduce the emission of the greenhouse gas methane.
Key words: biodiversity; ecosystem function; mechanisms; methane oxidation; methanotrophic bacteria; niche
complementarity; overyielding; soil ecology.
INTRODUCTION
The dramatic loss of biodiversity as a consequence of
anthropogenic activities has prompted many experiments
that investigated whether and how ecosystem functioning
depends on the diversity of the organisms present. To date,
most research has focused on aboveground organisms, in
particular plants. The majority of these studies have shown
a positive relationship between the number of plant species
and ecosystem functions such as biomass production. These
effects are remarkably consistent across different ecosystem
types like grasslands, forests, and marine ecosystems
(Balvanera et al. 2006, Cardinale et al. 2012).
Although most studies so far have focused on above-
ground organisms, in terrestrial ecosystems, the majority of
biodiversity is found belowground. Soil microbial communi-
ties are extremely diverse and drive important biogeochemi-
cal processes including the decomposition of organic matter
and soil nutrient transformations. Soil microbes also mediate
fluxes of greenhouse gases, including methane (CH4), and
therefore are important in light of climate change (Bodelier
and Steenbergh 2014). Despite their fundamental signifi-
cance, little is known to date about the importance of the
diversity of these organisms for the functions they promote
(Krause et al. 2014b). Positive biodiversity–ecosystem-func-
tioning (BEF) relationships in communities of aboveground
macroorganisms have been attributed to three main groups
of mechanisms: (1) sampling effects (Aarssen 1997), also
known as selection probability effects, refer to the phe-
nomenon that more diverse communities are more likely to
contain species that perform particularly well; (2) niche dif-
ferentiation among species can support the complementary
use of resources, thereby reducing competition and allowing
for a higher community-level yield (Tilman et al. 1996,
Tilman 1997); also, complementarity with respect to enemies
will reduce the impact these have if their effect is strongly
dependent on the density of hosts (e.g., Maron et al. 2011);
(3) facilitation, i.e., positive effects on a species that are medi-
ated by modification of environmental conditions by another
species, may also promote a better functioning of mixtures.
A frequent case of facilitation in biodiversity experiments is
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dinitrogen fixation by legumes (e.g., Spehn et al. 2002). It
remains unclear whether and to which extent these groups
of mechanisms also operate in soil microbial communities.
One reason is that most investigations of BEF relationships
in microbial systems to date have been observational studies
along environmental gradients (Krause et al. 2014b). In
such studies, correlations between diversity and functioning
can emerge for many reasons including covariation of
diversity with environmental parameters that modify
ecosystem functioning independent of diversity. The other
reason is that a detailed analyses of mechanisms often
requires that a measured community-level function can be
broken down into contributions of the component species,
which is more challenging in microbial systems than with
macroorganisms.
Studies in which microbial diversity has been manipulated
directly and systematically have only recently begun to
emerge (e.g., Bell et al. 2005, Replansky and Bell 2009, Bier
et al. 2015, Fetzer et al. 2015, Delgado-Baquerizo et al.
2016). Many of these studies concerned relatively broad,
diversified groups of microbes that drive very general func-
tions such as soil respiration or decomposition. The microbes
that carry out these functions often are taxonomically and
phylogenetically very diverse and hence there may be high
functional redundancy (Nannipieri et al. 2003) and the loss
of diversity may, at least initially, have no or only limited
consequences. Nevertheless, the few experiments available
suggest that niche complementarity can, to some extent, pro-
mote community-level functioning through resource parti-
tioning (e.g., Salles et al. 2012).
In the present study, we tested for effects of the diversity
of a specialized group of bacteria, the methanotrophs, on
their activity and growth. Methanotrophs are obligate aero-
bic bacteria that oxidize CH4 and assimilate CH4-C into
biomass. They constitute the most important biotic sink for
atmospheric CH4 and thus play a key role in the CH4 cycle
by affecting atmospheric CH4 concentrations and the associ-
ated greenhouse effect. In wetland systems, methanotrophs
together with anaerobic CH4 oxidizers often oxidize signifi-
cant fractions of the CH4 produced by methanogenic
Archaea, sometimes over 90%, and therefore substantially
reduce CH4 emissions to the atmosphere (Le Mer and Roger
2001). Based on our current knowledge, methanotrophs are
spread over a limited number of phyla, with most members
found in the alpha and gamma division of the Proteobacte-
ria (L€uke and Frenzel 2011, Knief 2015). In many ecosys-
tems, their diversity is relatively low with typically up to a
few dozen OTUs found (e.g., Levine et al. 2011, L€uke and
Frenzel 2011, Siljanen et al. 2011, Serrano-Silva et al. 2014,
Knief 2015). The generally limited diversity and high func-
tional specialization of methanotrophs raises the possibility
of a low functional redundancy. CH4 oxidation may there-
fore be more vulnerable to diversity loss than is typically
found for functions driven by more diverse groups of
microorganisms with more versatile metabolism. Also, their
methanotrophic nature makes them well suited for studying
microbial BEF relationships.
Here, we used 10 pure methanotroph strains to create artifi-
cial communities composed of 1–10 strains to test for the effects
of their biodiversity on their activity and growth. These com-
munities were incubated for six weeks in microcosms with
above-atmospheric headspace CH4 concentrations. Throughout
the experiment, we quantified methanotrophic activity by
assessing CH4 consumption by gas chromatography. Growth
of the methanotrophic communities was estimated by mea-
suring the abundance of a gene encoding for the particulate
methane monooxygenase (pmoA) using quantitative PCR.
Finally, we determined the composition of the experimental
communities by next-generation sequencing of ribosomal
(16S rRNA) and functional gene (pmoA) fragments. Our
objective was to test whether increased methanotroph
diversity promotes CH4 consumption and the growth of
methanotrophic communities. We further tested whether
over-yielding of mixed communities was related to func-
tional trait diversity and the phylogenetic relatedness of the
strains combined in mixtures, and whether diversity and
composition-effects on activity and growth were positively
correlated, i.e., whether strain mixtures that over-yielded in
terms of community size also showed particularly high CH4
consumption rates.
MATERIALS AND METHODS
Study species and experimental setup
We created a diversity gradient using 10 strains of
methanotrophic bacteria that we grew in pure culture. All
aerobic methanotrophic bacteria known to date belong
either to the Gammaproteobacteria (type I), Alphapro-
teobacteria (type II), or Verrucomicrobia (Type III;
McDonald et al. 2008, Knief 2015). In our experiment, we
used three Type I and seven Type II methanotrophs
(Table 1). These strains occur in habitats in which methano-
gens are active and soil CH4 concentrations typically high.
These methanotrophs exhibit a so called “low affinity”
kinetic, i.e., they have a high capacity to oxidize CH4 but
only at concentrations that are well above atmospheric levels
(Dunfield et al. 1999). We initially grew all strains in liquid
batch cultures in nitrate mineral salt medium (NMS med-
ium; Dedysh et al. 1998). Liquid batch cultures consisted of
100-mL serum flasks with 20 mL NMS medium and 20 mL
CH4 added to the headspace. The liquid batch cultures were
kept at 25°C (except M. capsulatus at 36°C and M. tundri-
paludum at 23°C) until the cultures reached the stationary
growth phase, then at 4°C until they were added to the
microcosms.
We constructed microcosms from 50-mL centrifugation
tubes (Sarstedt, N€umbrecht, Germany) that we pre-filled with
4 g dry equivalent mass of autoclaved soil from a calcareous
meadow (Nenzlingen, Switzerland; 47°330 N, 7°340 E, 520 m
above sea level; silty clay loam soil, 41% clay, 52% silt 3.9% C,
0.33% N, pH  7,8; Niklaus et al. 2003), which has a very
low methanotroph abundance (relative abundance of pmoA
gene measured by qPCR < 0.01% of that measured in inocu-
lated microcosms). We established a methanotroph diversity
gradient (1, 2, 4, 6, or 10 strains) in these microcosms by add-
ing 1 mL inoculum and 1.2 mL NMS medium. The inoculum
was prepared by mixing aliquots of the pure liquid cultures
that had been diluted to approximately 5,000,000 cells/mL
with NMS medium based on measurements of their original
cell density (CASY Model TTC cell counter, Roche Innovatis
AG, Bielefeld, Germany). The amounts of pure culture
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inocula that we mixed were inversely proportional to the tar-
get strain richness, i.e., all microcosms were inoculated with
approximately the same total number of cells. We created 10
different strain compositions at each diversity level except for
the 10-strain mixture. The compositions were created by ran-
domly selecting strains, with the restriction that each strain
was present in an equal number of mixtures at each diversity
level. This ensured that strain richness was varied indepen-
dently of the average composition found at each diversity
level. Each specific composition was replicated in seven sepa-
rate microcosms, which were placed together in an incubation
jar. The most diverse mixture with 10 strains was replicated an
additional four times, in four separate jars. One microcosm
per jar was immediately frozen at 80°C to assess the strain
composition at the beginning of the experiment. The micro-
cosms were then closed with gas-permeable cotton stoppers to
minimize the risk of cross-contamination. The jars containing
the microcosms were placed in incubators that ran a 24-h tem-
perature cycle (with four periods of 6 h each: 24°C, 26°C,
28°C, 26°C). Every two days, the jars were ventilated to
remove the CO2 produced and new CH4 was added. The aver-
age starting concentration of CH4 was 9,120  1,140 lL
CH4/L (mean  SD). One microcosm each was removed from
each jar and frozen after 4, 8, 16, 24, 32, and 44 d of incuba-
tion for later analysis (see Appendix S1: Fig. S2 for an over-
view of the experimental setup and sampling).
CH4 consumption
In order to quantify CH4 consumption, 30 mL samples
were taken from the headspace of each jar at the beginning
and at the end of each two-day incubation period, for a total
of 32 d. The CH4 concentration of these samples was deter-
mined by gas chromatography (Agilent 7890N gas chro-
matograph; CH4 was detected with a flame ionization
detector; 120 Porapak Q column; isothermic at 80°C; He car-
rier gas; CO2 was determined on the same detector after
reducing CO2 with H2 on a Ni-catalyst; Agilent Technolo-
gies Inc., Santa Clara, California, USA). CH4 consumption
was then determined as apparent first-order oxidation rate
constant (dc/dt = c 9 k, where c is the headspace CH4
concentration and k is the rate constant) by estimating k
through linear regression of ln(c) against time (t). We
standardized k values by dividing these by the number of
microcosms in the jar.
DNA extraction
We extracted DNA from the replicate microcosms frozen
after 0, 16, and 44 d of incubation. DNAwas extracted from
the entire soil in the microcosms using the xhantogenate-
based extraction method described in Tillett and Neilan
(2000) with some adjustments (Appendix S1: Table S1).
TABLE 1. Methanotrophic strains used to assemble the artificial communities and their traits used to calculate functional diversity (FD).
Characteristic
M. lut1
ATCC
49878T
M. tun2
SV96
M. cap1
Bath
M. ech1
IMET
10491
M. hir3
CSC1
M. par1
OBBP
M. sil4
BL2
M. ros5
SV97
M. spo1
NCIMB
11126
M. tri1
OB3b
Type I I I II II II II II II II
Motility 0 0 0 0 0 0 0 0 1 1
Can use methanol 1 0 16 1 1 1 0 1 1 1
Can use other C
sources
0 0 1 0 0 0 0 1 0 0
Fixes nitrogen 0 1 1 1 1 1 1 1 1 1
Cell length7 (lm) 2.1 2.2 1.25 1.25 0.85 13 1.8 1.75 2.05 2.5
Cell width7 (lm) 1.15 1.2 0.9 0.63 0.45 0.43 0.95 0.8 0.8 1
sMMO 08 0 19 010 1 03 1 1 n.a.11 112
NaCl tolerance 3 0 2.5 1 n.a.11 2 n.a.11 0.8 2 2
G+C mol% 50 49.513 63.69 62 n.a.11 63.414 62.515 6316 66 6612
Forms aggregates,
rosettes or chains
0.25 1 0 0 1 0 1 1 1 1
Grows at pH 9 1 0 0 0 0 0.62 1 0 1 1
Grows at pH 5 0.25 1 0 0 n.a.11 1 0 1 0 0
pH optimum 6.8 6.8 n.a.11 7 7 7 7 5.51 6.8 6.8
Temperature
optimum (°C)
30 23 42 2710 30 28.5 27 23 30 28.5
Genome size (bp) 5,100,0008 4,800,00013 3,300,0009 n.a.11 n.a.11 4,500,00014 4,300,00015 3,900,00016 n.a.11 4,900,00012
PLFA_PCoA1 37.06 31.94 31.21 31.25 36.01 24.41 25.78 27.84 27.04 37.63
PLFA_PCoA2 26.48 31.30 33.47 4.09 6.78 1.53 15.41 56.78 39.83 11.43
Initial growth
rate17 (d1)
0.182 0 0.042 0.503 0 0.233 0.126 0.076 0.172 0.247
Notes: Species abbreviations are as follows: M. lut, Methylobacter luteus; M. tun, Methylobacter tundripaludum; M. cap, Methylococcus
capsulatus; M. ech, Methylocystis echinoides; M. hir, Methylocystis hirsuta; M. par, Methylocystis parvus; M. sil, Methylocella silvestris;
M. ros,Methylocystis rosea;M. spo,Methylosinus sporium;M. tri,Methylosinus trichosporium.
Sources for all traits of a strain unless otherwise indicated: 1, Bowman et al. (1993); 2, Wartiainen et al. (2006b); 3, Lindner et al. (2007);
4, temperature optimum based on range in Dunfield et al. (2003) and own measurments; 5, Wartiainen et al. (2006a); 6, Whittenbury et al.
(1970); 7, middle of length and width distribution reported in literature; 8, Hamilton et al. (2015); 9, Ward et al. (2004), 10, Belova et al.
(2013); 11, missing value, mean trait value was used; 12, Stein et al. (2010); 13, Kalyuzhnaya et al. (2015); 14, del Cerro et al. (2012); 15,
Chen et al. (2010), 16, https://www.ncbi.nlm.nih.gov/assembly/GCF_000372845.1; 17, based on growth of monocultures under experimental
conditions calculated from CH4 oxidation constant k, assuming logistic growth.
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Extracted DNA was purified using the PowerClean Pro
DNA Clean-Up Kit (MoBio, Carlsbad, California, USA)
according to the manufacturer’s instruction.
Sequencing of pmoA and 16S gene fragments
To assess changes in community composition, we ampli-
fied the variable regions V1 and V2 of the 16S rRNA gene
from total nucleic acids extracted after 0, 16, and 44 d of
incubations (using primers 9bF and 341R; see Appendix S1:
Tables S2 and S3 for details). The fragments of the gene for
subunit A of the particulate methane monooxygenase
(pmoA) were sequenced for the samples taken after 16 d
only (primers A189F and M661R; see Appendix S1: Tables
S2 and S3 for details). The PCR products obtained were
purified with the GeneJET PCR purification kit (Thermo
Scientific, Waltham, Massachusetts, USA) and quantified
with the 2100 Bioanalyzer high sensitivity DNA kit (Agilent
Technologies, Santa Clara, California, USA). Barcoding
using the Fluidigm access array technology and paired-end
sequencing of the amplified region with the Illumina MiSeq
v3 platform was carried out at the Genome Quebec Innova-
tion Center, Montreal, Canada.
Analysis of the 16S rRNA and the pmoA gene sequences
was performed according to a customized pipeline published
in Frey et al. (2016). However, as we knew the strains pre-
sent, we did not perform OTU clustering and taxonomic
assignment but instead mapped the reads directly against the
known 16S rRNA and pmoA sequences of our strains. We
used algorithms from USEARCH v8 (Edgar 2010) unless
otherwise stated. Forward and reverse read pairs were
merged using the fastq_mergepairs algorithm (Edgar and
Flyvbjerg 2015, minimum overlap between forward and
reverse read pairs 50 base pairs [bp], minimum merged read
length of 300 bp). PCR primers were detected and removed
with Cutadapt (Martin 2011). Trimmed sequences were then
quality-filtered using the fastq_filter function (Edgar and
Flyvbjerg 2015) with a maximum expected error threshold of
one. All quality-filtered reads were mapped against the
known 16S rRNA and pmoA sequences of the methanotroph
strains we had used to create the experimental biodiversity
gradient (sequences were retrieved from GenBank but veri-
fied by Sanger-sequencing the pure methanotroph cultures)
using the usearch_global algorithm (Edgar 2010; options
id = 99, maxrejects = 0, maxaccepts = 0, and top hit only).
We then counted the number of matched sequences of each
strain in each sample.
Presense/absence of strains based on pmoA data (day 16)
matched the ones for 16S. Since Methylocella silvestris was
not detectable in the pmoA sequence data due to a lack of
pmoA gene we used 16S rRNA-based abundance data to cal-
culate diversity indices. We calculated the relative abundance
of each strain in all the samples based on the number of
matching 16S rRNA gene copies. From this, the realized
strain richness was calculated (i.e., number of strains that
remained after a certain time) by counting the strains with a
relative abundance of more than 0.1%; this minimum abun-
dance was chosen to exclude effects of spurious contamina-
tions. We further calculated the Shannon diversity index (H0)
and from that effective strain richness (eH
0
), which gives the
low-abundant strains a lower weight. Right after inoculation
(day 0), not enough DNA could be extracted to obtain a reli-
able diversity estimate by sequencing. Diversity indices for
day 16 were similar to the ones for day 44, and we therefore
based our calculations of realized and effective strain richness
on 16S rRNA gene sequencing information from day 44.
Numbers of pmoA copies
We determined the abundances of methanotrophic pmoA
gene copies by quantitative PCR (StepOne real-time PCR
system Applied Biosystems, Foster City, California, USA;
see Appendix S1: Tables S2 and S3 for details). The number
of pmoA gene copies in the genome were not known for all
strains in our experiment; however, where known, methano-
trophs had one or two gene copies except for Methylocella
silvestris, which has a soluble instead of a particulate
methane mono-oxygenase and therefore lack the pmoA gene.
Nevertheless, we used number of pmoA copies as proxy of
methanotroph community size; 16S sequence analysis indi-
cated that Methylocella silvestris was among the least abun-
dant methanotrophs, and the lack of pmoA gene in this
strain likely did not substantially bias our community size
estimate. A serial dilution of purified DNA from Methylo-
coccus capsulatus (quantified with the Qubit fluorometer;
Invitrogen, Carlsbad, California, USA) was included in
duplicates in each run to determine the calibration curve.
The efficiency values of the runs calculated from the slopes
of the calibration curves were between 72% and 83%.
Functional and phylogenetic diversity
To estimate phylogenetic diversity, we calculated a phylo-
genetic tree (UPGMA) with the EMBL-EBI MUSCLE
online tool (Edgar 2004, McWilliam et al. 2013) using pmoA
sequences of our strains plus a collection of 67 additional
sequences (retrieved from GenBank using accessions from
L€uke and Frenzel 2011). To includeMethylocella silvestris in
the tree, which doesn’t have a pmoA gene, we used the pmoA
sequence of Methylocapsa aurea instead (accession no
FN433470). Of the available methanotrophs that have a
pmoA gene,M. aurea shows the highest 16S rRNA sequence
similarity to M. silvestris. The phylogenetic diversity (PD)
of each community was calculated as the total branch length
of the subtree defined by the strains in the mixture (calcPD
function from library pdiv, available online).8 Functional
diversity (FD) was calculated similarly, using a trait dendro-
gram (Petchey and Gaston 2006) constructed from traits
available from the literature (Table 1; calcFD function in R
library pdiv). We used Gower distances in the distance
matrix underlying the trait dendrogram because this metric
is preferable when combining continuous and binary traits.
Statistical analysis
We used analysis of variance based on general linear mod-
els (R 3.0; R Core Team 2013) to test for relationships
between each of our measures of diversity (applied, realized
and effective strain richness, PD, FD) and the methanotroph
activity and community size. As is standard in the analysis
8 https://github.com/pascal-niklaus/pdiv
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of biodiversity experiments (Schmid et al. 2017), we used
the specific composition of the community as replicate; this
was achieved by averaging the four technical replicates of
the 10-strain community before analysis. All measures of
diversity were included in the model in log-transformed
form; the reason for this is that typically BEF relationships
are “positive decelerating” (Cardinale et al. 2011), and that
this relationship is linearized by log-transforming diversity.
The main dependent variables were the cumulative CH4
consumption over the duration of the incubation (indicated
by the mean first order CH4 consumption rate constant),
and the net methanotrophic growth (indicated by pmoA
copy numbers at day 44). To achieve a homoscedastic distri-
bution of the residuals, we square root-transformed the
first-order rate constant for CH4 consumption. To test
whether the presence of particular strains in the communi-
ties had an important effect on our dependent variables
beyond the overall effect of strain diversity, we also added
presence/absence contrasts for the 10 strains (effects of the
different strains tested in separate models).
Inspection of data revealed three distinct phases in the
course of the incubation. In addition to analyzing cumu-
lated CH4 consumption, we therefore also analyzed mean
CH4 consumption for the initial phase of the study where
fast growth was observed (days 0 to 10), the middle period
with highest CH4 consumption (days 12 to 20), and the final
phase of the incubation that was characterized by lower
CH4 uptake rates (days 22 to 32).
We further inspected whether effects of strain richness on
CH4 consumption were related to methanotrophic commu-
nity size. To do so, we assigned the pmoA copy numbers of
day 0, 16, and 44 to the initial, middle, and final phase,
respectively. Then, for each time period, we fitted linear mod-
els in which applied strain richness was followed by pmoA
copy number, and vice versa. The first model yielded tests for
overall effects of strain richness, whereas the second model
yielded tests for effects of strain richness beyond any effect
that was already explained by variation in community size.
The different strains exhibited different temporal dynam-
ics in monoculture, with some performing particularly well
at the beginning of the experiment and some at the end. We
therefore tested for effects of temporal complementarity on
CH4 consumption and community size by estimating the
size of the “community niche” CN (Salles et al. 2009): for
each measurement day, we determined the maximum CH4
consumption rate of the monocultures of the strains present
in the mixture, and summed these values. CN thus quantifies
the cumulative CH4 consumption that would be achieved if
community-level consumption was determined by the strain
performing best on that particular day. We used CN as
explanatory variable in further linear models, fitting this
term before and after strain richness.
We quantified the over-performance (net biodiversity
effect) of all mixtures for both CH4 consumption and pmoA
copy numbers. For CH4 consumption, over-performance
was calculated from mean consumption rates over the entire
experiment. For pmoA copy numbers, we calculated over-
performance (overyielding) for day 44. The expected value
for each mixture was calculated by averaging the values mea-
sured for the monocultures microcosms in the experiment of
the strains present in the mixture. The over-performance
was calculated as observed minus expected CH4 consump-
tion and pmoA copy numbers. We used a one-sample, one-
sided Student’s t test to test for over-performance of
mixtures in relation to monocultures. We then used linear
models to test whether the over-performance of mixtures
depended on the number of strains they contained. Finally,
we tested whether over-yielding of pmoA copies correlated
with the over-performance of the same mixtures with respect
to CH4 consumption.
RESULTS
Community compositions
We obtained (41  11)9103 bacterial 16S rRNA sequences
per microcosm (in total 5.4 9 106 16S rRNA sequences
[mean  SE]) and (41  8.4)9103 pmoA sequences per
microcosm (in total 1.8 9 106 pmoA sequences). After qual-
ity control, 1.3 9 106 16S rRNA sequences could be mapped
to 1 of the 10 strains used for creating the communities and
2.8 9 105 pmoA sequences could be mapped to the nine
strains that possess a pmoA gene. Overall, the number of 16S
rRNA sequences that belonged to 1 of out 10 strains
increased over the course of the experiment, while the number
of other non-methanotroph 16S rRNA sequences decreased.
The 16S rRNA sequences that did not match any of the 10
strains we added was likely DNA from various soil bacteria
that had remained in the soil matrix. This DNA slowly
degraded over the course of the experiment.
The starting composition of the methanotroph communi-
ties based on the 16S rRNA sequences was consistent with
the strains that were added. While the number of sequences
varied between samples, within sample the number of
sequences for each strain was quite even. The composition
of methanotroph communities in the different mixtures
changed over time. In general, the strain distribution
became more uneven through time, with experimental com-
munities dominated by one or a few strains at the end of the
experiment. The different strains performed differently well
in our microcosms: Methylocystis echinoides became domi-
nant in many but not all mixtures; in some communities
other strains became dominant even when Methylocystis
echinoides was present. No single strain was entirely lost
from the experiment but Methyloccocus capsulatus and
Methylobacter tundripaludum disappeared from 87% and
50% of the communities in which they were originally
present, respectively. Methylocystis echinoides and Methy-
losinus trichosporium persisted in all communities. The
extinction of the other strains ranged from 12% to 37% of
the communities.
Despite these strain-specific effects, the experimental
methanotroph diversity gradient persisted throughout the
study. Both realized strain richness and Shannon-based
effective strain richness (calculated based on 16S rRNA
sequences after 44 d) were highly significantly correlated
with applied strain richness (Pearson’s product moment cor-
relation r = 0.82 and 0.46, P < 0.001 for both indices;
Appendix S1: Fig. S1). The realized strain richness was
higher than expected in some monocultures and two-strain
mixtures, likely because of cross-contamination during
handling in the laboratory.
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Community size
Average pmoA gene copy numbers increased throughout
the experiment, with the largest increase between days 0 and
16. After 44 d, pmoA copy numbers were significantly posi-
tively correlated with applied strain richness (applied strain
richness, P = 0.03; Fig. 1) and marginally significantly with
realized strain richness (realized strain richness, P = 0.06).
These effects already began to develop earlier (day 16) but
were not statistically significant. Effective strain richness,
phylogenetic diversity (PD), and functional diversity (FD)
were not statistically significantly related to pmoA copy
numbers at any date.
When including the presence/absence of the strains in the
model, communities with Methylocystis parvus had signifi-
cantly higher copy numbers (P < 0.01) andMethylosinus tri-
chosporium (P < 0.05) significant lower copy numbers (test
after adjusting for strain richness).
CH4 consumption
Over the course of the experiment, CH4 consumption
increased until day 10, remained stable until day 16 and then
decreased (Fig. 2). Differences in CH4 consumption between
the samples and over time ranged from almost no consump-
tion to consuming nearly all the added CH4 within the two-
day period. Over the entire measurement period of 32 d,
average CH4 consumption increased statistically significantly
with applied strain richness (P = 0.03; Fig. 3). Neither realized
nor effective strain richness, FD or PD explained any signifi-
cant fraction of the variation observed in CH4 consumption.
Models including presence-absence contrasts after the effect of
applied strain richness indicated that communities with either
Methylobacter tundripaludum (P < 0.01) or Methylocella sil-
vestris (P < 0.05) consumed particularly little CH4.
When analyzing the period of most rapid growth sepa-
rately (days 0–10), CH4 consumption increased significantly
with applied strain richness (P < 0.05), but not with realized
strain richness, effective strain richness, PD, or FD. For the
intermediate period characterized by high CH4 consump-
tion (days 12–20), there was no significant relationship
between CH4 consumption and any of the diversity mea-
sures though effects of applied strain richness were margin-
ally significant (P = 0.06). We did not find any diversity
effects for the last phase of the experiment (days 22–32).
When including numbers of pmoA gene copies as an
explanatory covariate before applied strain richness, in the
first and intermediate period, effects of applied strain rich-
ness were statistically significant (P < 0.05) but pmoA copy
numbers were not. In the final period, effects of strain rich-
ness were no longer significant but effects of pmoA copy
number were (P < 0.05).
The community niche metric (CN) we calculated from tem-
poral monoculture CH4 consumption profiles (Appendix S1:
Fig. S3) was highly correlated with applied strain richness
(Pearson’s product moment correlation r = 0.86; P < 0.001)
but CN did not explain significant amounts of variation in
cumulated CH4 consumption, regardless of whether CN was
fitted before or after applied species richness.
Over-performance of strain mixtures and effects of
individual strains
We observed an over-performance of strain mixtures both
with respect to CH4 consumption (first-order uptake rate
constant) and community size (number of pmoA gene
copies). Almost all strain mixtures consumed more CH4
than would have been expected based on the mean CH4 con-
sumption of their monocultures (P < 0.001; Fig. 4). The net
biodiversity effect (observed minus expected CH4 consump-
tion) was positive but not significantly related to any of the
diversity indices.
Mixtures also showed over-yielding with respect to number
of pmoA gene copies. As expected based on the constant
amount of inoculum added, there was no statistically signifi-
cant difference between observed and expected number of
copies at the start of the incubation. After 44 d of growth, the
numbers of pmoA gene copies of mixtures exceeded average
numbers of copies of monocultures of the component strains
(P < 0.001). Similar to CH4 consumption rates, the net biodi-
versity effect on number of pmoA gene copies was positive but
not significantly related to any of the diversity indices.
Net biodiversity effects for CH4 consumption and for
community size were positively correlated (Pearson’s pro-
duct moment correlation r = 0.45; P < 0.004; R2 = 0.18).
Strain mixtures that exhibited higher than expected CH4
consumption based on their component monocultures also
produced larger communities than expected.
DISCUSSION
Here we explored the biodiversity–ecosystem-function
(BEF) relationship in a specialized group of bacteria, the
methanotrophs. We demonstrated that increased methan-
otrophic strain diversity significantly promotes CH4 con-
sumption rates, growth, and resulting community size. In
other words, mixtures of strains consumed CH4, on average,
at higher rates and grew more than monocultures of the
strains they contain.
FIG. 1. Mean number of pmoA gene copies per microcosm by
applied strain richness at the beginning (open circle, dashed line, not
significant [n.s.]) and at the end of the experiment (solid circle, solid
line, P < 0.03). Error bars show the standard error for the different
compositions (n = 10 except for the 10-strain mixture, which consists
of only one specific composition that was replicated four times).
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While positive BEF relationships have been found as a
general trend in studies of plant communities, this study is
one of a few experimental studies available to date that
demonstrate a positive BEF relationship in communities of
microorganisms (e.g., Wohl et al. 2004, Bell et al. 2005,
Replansky and Bell 2009, Salles et al. 2009, 2012, Philippot
et al. 2013, Delgado-Baquerizo et al. 2016). In other studies
no significant BEF relationship was found (e.g., Griffiths
et al. 2000, 2001, Seghers et al. 2003, Wertz et al. 2006,
2007), and some microbial model systems even revealed neg-
ative BEF relationships, which were ascribed to more fre-
quent antagonistic interactions in more diverse system, for
example through the production of toxins (Jousset et al.
2011, Becker et al. 2012). Interestingly, in our study, methan-
otrophic strain richness was the best predictor of effects on
CH4 consumption and methanotrophic growth. Effective
strain richness did not explain much variation in our data,
indicating that strains low in abundance are important for
the maintenance of ecosystem functioning (Bodrossy et al.
2003, Bodelier et al. 2013). Ultimately, BEF relationships
arise from functional differences among strains; functional
diversity (FD) therefore often explains more variation in
community functioning than strain richness alone (Krause
et al. 2014b), but we found no relationship between FD and
CH4 oxidation rates or growth of methanotrophs in our
study. In particular, FD did not explain significant fractions
of variation in our data that were not already explained by
strain richness. One reason for the lack of explanatory power
of our FD metric may have been that we did not include the
trait measures or combinations of these that were relevant in
our experimental context. Or alternatively, that we included
FIG. 2. Temporal change in apparent first-order CH4 uptake rate constants k for each diversity level. Lines show mean values with gray
areas indicating standard errors using different communities as replicates (n = 10) except for the 10-strain mixture where technical replicates
(n = 4) of the same composition are used.
FIG. 3. The mean first-order CH4 uptake rate constant k (aver-
ages over the 32 d of measurement) increased significantly with the
logarithm of applied strain richness (P < 0.03). Line and error bars
show model-predicted means and standard errors. Note square-root
transformed scale of the y-axis.
FIG. 4. Over-performance of strain mixtures relative to mono-
cultures with respect to CH4 consumption (measured as apparent
first-order CH4 consumption constant). For most mixtures, the
observed CH4 oxidation constant k is higher than the expected CH4
oxidation constant k. The expected constant k was calculated by
taking the mean of the values measured for the monocultures of the
strains that were in the mixture. The dashed line indicates the 1:1
relationship.
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traits that have no functional implications and therefore
added “noise” to our predictor. Growth-relevant traits are
more difficult to determine for microorganisms than for
higher plants, and only a few traits were consistently avail-
able for all strains. In plants, traits such as specific leaf area
or root–shoot ratios are known to define growth strategies.
In analogy, we focused on maximum growth rate and mea-
sures that may have allometric implications such as the size
of cells or whether these form aggregates. We reasoned that
these could affect surface to volume ratios and therefore
specific activities. Other obvious candidate traits are the
kinetic characteristics of CH4 consumption, but these are
notoriously difficult to estimate because CH4 uptake rates in
laboratory systems are affected by diffusion limitations in
the medium in which the organism grows (Dunfield and
Conrad 2000). Also, these traits may be very plastic, allowing
acclimation to environments with different resource supply.
Finally, all methanotrophs critically rely on CH4 supply,
which may lead to phenotypic convergence, in particular in
the absence of spatiotemporal heterogeneity in CH4 concen-
trations. Niche complementarity that promotes biodiversity
effects may thus be in other functional dimensions, which
could for example be related to biotic interactions or to the
uptake of other nutrients.
Some of the difficulties in determining the relevant func-
tional traits can be circumvented by using phylogenetic dis-
tance as proxy of niche complementarity. Several studies
have shown that this can work well in communities of higher
plants, suggesting that the relevant traits are conserved as
species evolve (Flynn et al. 2011). However, this may not be
true for all organisms and traits (Crisp and Cook 2012).
Evolutionary change can happen rapidly in microbes, poten-
tially leading to a weaker phylogenetic signal for less con-
served traits (Martiny et al. 2013). In our study, the
phylogenetic diversity (PD) of methanotrophs did not pre-
dict their community-level functioning. Methanotrophs in
particular have shown a weak phylogenetic signal in physio-
logical traits relevant to CH4 oxidation (Krause et al.
2014a), suggesting that the traits are not highly conserved.
Additionally, some of the strains used in this experiment are
rather closely related, which might underestimate the func-
tional diversity that is there and which promotes commu-
nity-level functioning. For example, differences in metabolic
responses have been found even between closely related
strains of methanotrophs (Hoefman et al. 2014). So PD
may not be a good proxy for FD in the case of methan-
otrophs and not suitable for explaining BEF relationships.
In our experiment, effects of diversity first manifested in
higher CH4 consumption and towards the end of the experi-
ment in a larger community size. This sequence of events can
be understood in the light of CH4 assimilation being the pro-
cess that drives the growth of the communities. Eller and
Frenzel (2001) reported a similar pattern in microcosms with
rice paddy model systems in which activity and methanotroph
cell counts were negatively correlated through time and cell
counts increased even after activity had started to decrease.
Both CH4 consumption and methanotrophic community
growth show over-yielding in mixtures compared to mono-
cultures, i.e., on average, mixtures consumed more CH4 and
grew more than would have been expected based on the per-
formance of monocultures of the strains they contained.
Over-yielding of community size and CH4 consumption were
positively correlated, indicating that mixtures that consumed
CH4 at particularly high rates also grew more. Biodiversity
effects with macro-organisms are often classified as comple-
mentarity or selection effects by using statistical partitioning
schemes (Loreau and Hector 2001). In our study, almost all
mixtures showed over-yielding, suggesting that biodiversity
effects were not just driven by a few very productive strains
(which would be typical for sampling-type effects). Our data
did not reveal evidence for large effects of the presence of
particular strains. This observation is in agreement with the
assumption that complementarity effects drove the observed
diversity effects. However, we were not able to test these in a
more strict sense because we could not trace back commu-
nity-level measurements to contributions of particular
strains, which is required for, e.g., the additive partitioning
method (Loreau and Hector 2001). Monoculture data
revealed different growth rates and different periods of maxi-
mum activity for the different strains, suggesting that tempo-
ral complementarity could have been important. However,
temporal complementarity, quantified as community niche,
did not explain much variation in our data. Nevertheless,
such a temporal niche partitioning may help to stabilize
methanotrophic activity in natural and semi-natural wet-
lands. Environmental changes due to seasonality, manage-
ment (e.g., water level changes, fertilizer application, crop
harvesting), or irregular climatic events (e.g., drought) will
disturb methanotrophic communities. These will respond
with a temporal succession of species (Collet et al. 2015, Ho
et al. 2016a, b), a process that will only stabilize function
through time if a sufficiently diverse pool of taxa is available.
In this study, we show a significant biodiversity–ecosystem-
function relationship in methanotrophic bacteria. To date,
only a few other studies are available in which the diversity of
microorganisms was manipulated directly via assembly of
pure strains (Wohl et al. 2004, Bell et al. 2005, Salles et al.
2009, 2012, Gravel et al. 2011), allowing to infer causal
effects of biodiversity on functioning (Krause et al. 2014b).
Our study demonstrates that BEF relationships can show
similar patterns in microbial communities to those found in
communities of higher organisms, for example plants. Our
findings support the importance of biological diversity for
driving particular ecosystem functions. Moreover, they also
demonstrate that BEF relationships show similar patterns at
different scales and in different types of organisms and are
therefore likely widespread in nature. Methanotrophs are
important for the regulation of CH4 emissions (Le Mer and
Roger 2001), as they act as a “filter” and oxidize the CH4 pro-
duced in anaerobic environments before it enters the atmo-
sphere. We show in our experiment that a loss in diversity
significantly decreases the CH4 oxidation and observational
studies suggest that diversity may also important in natural
methanotrophic communities for maintaining CH4 oxidation
and to increase its temporal stability (Mohanty et al. 2006,
Levine et al. 2011, Siljanen et al. 2011, Bodelier et al. 2013).
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